The optics of axial silicon nanowire solar cells is investigated and compared to silicon thin-film solar cells with textured contact layers. The quantum efficiency and short circuit current density are calculated taking a device geometry into account, which can be fabricated by using standard semiconductor processing. The solar cells with textured absorber and textured contact layers provide a gain of short circuit current density of 4.4 mA/cm 2 and 6.1 mA/cm 2 compared to a solar cell on a flat substrate, respectively. The influence of the device dimensions on the quantum efficiency and short circuit current density will be discussed.
Introduction
Efficient light management techniques are necessary for increasing the short circuit current density and quantum efficiency of silicon thin-film solar cells [1] . Experimentally, high conversion efficiencies have been achieved by texturing the contact layers of silicon solar cells [2] [3] [4] [5] [6] [7] [8] [9] . The nanotextured contact layers reduce reflection losses and enhance the scattering and diffraction of light within the solar cells. Moreover, the optical path length is increased leading to an enhanced quantum efficiency and short circuit current density in the red and infrared range of the optical spectrum (wavelengths between 600 and 1100 nm) [6] [7] [8] [9] . Furthermore, alternative approaches, such as 3D solar cells [10] [11] [12] [13] [14] [15] or nanowire solar cells, have gained considerable attention in recent years [16] [17] [18] [19] [20] . Axial nanowire solar cells are based on the texturing of the active layer of the solar cell instead of texturing the contact layers. Several studies suggest that such nanowire solar cells exhibit very good light trapping properties [10, [16] [17] [18] [19] [20] . In this study, solar cells with textured contact layers and solar cells with textured absorber are compared taking realistic device structures into consideration. Solar cells on flat substrates are used as reference solar cells.
The optical simulations of the microcrystalline silicon thin-film solar cells on flat substrates are described in Section 2.1. Results for solar cells with textured absorber are presented in Section 2.2. The optical simulations for solar cells with textured contact layers are presented in Section 2.3. A comparison of the different structures is given in Section 3, before providing an outlook and a summary of the results in Sections 4 and 5.
Optics of Microcrystalline Silicon Solar Cells
To describe the wave propagation in silicon thin-film solar cells, simple geometric or wave optics is insufficient. Instead, it is necessary to rigorously solve Maxwell's equations. Currently, there are a number of methods being utilized such as the finite-difference time-domain (FDTD) method [21] , finite integration method (FIM) [22] or Rigorous Coupled Wave Analysis (RCWA) [23] capable of simulating near-and far-field wave propagation in such devices. For this study, a FDTD simulation tool is used to investigate the wave propagation within solar cell structures [24] . The schematic cross-sections of microcrystalline silicon (μc-Si:H) solar cells in superstrate configuration are depicted in Figure 1 . A solar cell on a flat substrate is shown in Figure 1a . Cross-sections of solar cells with textured contacts and absorber layer are shown in Figure 1b ,c, respectively. The cross section in Figure 1b ,c shows a slice through the center of a 3D unit cell. All three solar cell structures follow the same basic layer sequence with: a 500 nm thick sputtered aluminum doped zinc oxide (ZnO:Al) front contact, followed by a μc-Si:H p-i-n diode with a total thickness of 1000 nm, a back reflector consisting of 80 nm thick ZnO:Al, and a perfect electrical conductor (PEC, 100% reflection) terminating the stack. The layer sequence used for the simulations is consistent with The optical constants of the µc-Si:H material and the ZnO:Al film are adapted from the literature [4] .
As the first step of the FDTD optical simulations, the electrical field distribution is calculated for a unit solar cell structure assuming normal incidence light with an electric field amplitude of 1 V/m. Based on the electric field distribution, the time-averaged power loss (Q(x,y,z)) is determined within the solar cell via the equation:
where c is the speed of light in free space, ε 0 is the permittivity of free space, α is the absorption coefficient of the material at the given position, n is the real part of the complex refractive index, and E(x,y,z) is the electric field. The absorption coefficient is calculated by α(λ) = 4πk/λ, where λ is the wavelength and k is the imaginary part of the complex refractive index. The absorption of light by the individual layer of the solar cell is defined as the ratio of the power absorbed by the layer with respect to the total power incident, P opt , on the unit cell. The absorption of the m-th layer of the solar cell is given by
where V m is the volume of the m-th layer. The quantum efficiency is given by
where A i-layer is the absorption of the i-layer of the p-i-n diode and CE(λ) is the wavelength dependent collection efficiency. The collection efficiency of the i-layer of the solar cell is assumed to be 100%, thus defining an upper limit on the achievable quantum efficiency. Light absorbed by the front contact, back reflector, p-layer and n-layer does not contribute to the quantum efficiency. In order to compare the different device designs, the short circuit current density is calculated for the three regions of the optical spectrum (blue: 300-500 nm, green: 500-700 nm, and red: 700-1100 nm). The short circuit current density is calculated from the quantum efficiency by
with
where, q is the elementary charge, h is the Planck constant and S(λ) is the spectral irradiance at Air Mass 1.5.
Solar Cell on Flat Substrates
The reference solar cell on a flat substrate ( Figure 1a ) exhibits a short circuit current density of 12.4 mA/cm 2 . The corresponding quantum efficiency is shown in Figure 3a ,b (black curve). Due to silicon's strong absorption at short wavelengths, light is absorbed within the first few hundreds of nanometers of the solar cell. At long wavelengths, the absorption coefficient is much weaker, so a large fraction of light is able to pass through the silicon layer and is reflected by the back contact. This leads to the constructive and destructive interferences of the forward and backward propagating waves and the formation of interference peaks in the quantum efficiency. Only a fraction of the incident light is absorbed, which limits the quantum efficiency. Therefore, one of the primary ways to achieve improved performance of microcrystalline silicon solar cells at long wavelengths is to introduce improved light management techniques.
Solar Cells with Textured Silicon Absorbers
The optical model used in this study is based on a periodic arrangement of silicon nanowires. The array of nanowires represents a solar cell with a patterned absorber. The dimensions of the nanowire solar cell are described by the period of the unit cell, P, and the diameter of the nanowire, D (Figure 1b) . The nanowire is square-based, so the term "diameter" is equivalent to the edge-length of the nanowire. The area filling factor of the nanowire is equal to (D/P) 2 . A constant unit cell period of 900 nm is chosen for these simulations as previous studies have shown that the optimal period of the surface texture is approximately equal to the thickness of the solar cell [9] . The diameter of the nanowire is varied from 50 nm to 900 nm corresponding to area fill factors ranging from 0.3% to 100%. In other words, the area filled with air is varied from 0% to 99.7%.
The simulated power loss profiles for a solar cell with textured absorber are shown in Figure 2a -c for incident wavelengths of 400 nm, 600 nm and 800 nm, respectively. These power loss profiles are shown for a diameter of 640 nm and period of 900 nm. For short wavelengths, absorption of light is most prominent along the front surface and edges of the absorber layer. The edges of the silicon nanowires show strong absorption since the light propagates in the gaps between nanowires. The light that is absorbed by the edges lead to an increased quantum efficiency in the spectral range from 300 to 380 nm. The quantum efficiency in this spectral region is increased because the sidewalls are not covered with a p-or n-layer. For long wavelengths, the absorption and quantum efficiency of light in the solar cell is enhanced (Figure 3a) . The long wavelength light is diffracted by the silicon nanowire. It is important to note that the simulations are carried out in 3D and hence, the light is diffracted in all three dimensions. In the case of 2D simulations the nanowire array would be replaced by a line grating and the light would only by diffracted in 2D. The 3D diffraction grating (nanowire array) leads to a higher quantum efficiency and short circuit current density compared to 2D diffraction gratings (line grating). approximately equal to the thickness of the solar cell [9] . The diameter of the nanowire is varied from 50 nm to 900 nm corresponding to area fill factors ranging from 0.3% to 100%. In other words, the area filled with air is varied from 0% to 99.7%. The simulated power loss profiles for a solar cell with textured absorber are shown in Figure 2a -c for incident wavelengths of 400 nm, 600 nm and 800 nm, respectively. These power loss profiles are shown for a diameter of 640 nm and period of 900 nm. For short wavelengths, absorption of light is most prominent along the front surface and edges of the absorber layer. The edges of the silicon nanowires show strong absorption since the light propagates in the gaps between nanowires. The light that is absorbed by the edges lead to an increased quantum efficiency in the spectral range from 300 to 380 nm. The quantum efficiency in this spectral region is increased because the sidewalls are not covered with a p-or n-layer. For long wavelengths, the absorption and quantum efficiency of light in the solar cell is enhanced (Figure 3a) . The long wavelength light is diffracted by the silicon nanowire. It is important to note that the simulations are carried out in 3D and hence, the light is diffracted in all three dimensions. In the case of 2D simulations the nanowire array would be replaced by a line grating and the light would only by diffracted in 2D. The 3D diffraction grating (nanowire array) leads to a higher quantum efficiency and short circuit current density compared to 2D diffraction gratings (line grating). For nanowire diameters larger than 640 nm a drop of the quantum efficiency for long wavelengths is observed (Figure 3a) . Figure 4a shows the red, green, blue and total short circuit current densities for nanowires with a constant period of 900 nm and varying diameter. The dashed line exhibits the short circuit current density generated by a solar cell on a flat substrate. For the flat substrate (Figure 1a) , a total short circuit current density of 12.4 mA/cm 2 is calculated. For the silicon nanowire solar cell (Figure 1b ) with a nanowire diameter between 400 and 900 nm, an improvement of short circuit current density over the flat substrate is achieved, with optimal performance at nanowire diameter of 640 nm. At this optimal diameter, the short circuit current density is found to be 16.8 mA/cm 2 ( Figure 4a ). For diameters of the nanowire smaller than 400 nm, the total short circuit current density drops below the short circuit current density of a solar cell on a flat substrate (Figure 4a ). With decreasing diameter, long wavelengths light cannot couple in the nanowires anymore (Figure 3b ). The cut-off wavelength for coupling light in the wire is given by
where n Si is the refractive index of the silicon wire. For nanowires with diameters smaller than 135 nm, the quantum efficiency is limited by the incoupling of long wavelength light in the nanowire. Hence, the short circuit current density drops with decreasing diameter of the nanowire. However, if the short circuit current is normalized to the cross section of the nanowire instead of normalizing to the area of the unit cell the short circuit current density increases to up to 250 mA/cm 2 ( Figure 4b ). Such high short circuit densities are observed for nanowires with diameters of 50 nm and 75 nm. For nanowires with very small diameters even a drop of the short circuit current normalized to the cross section of the nanowire is observed. For a nanowire diameter of 30 nm, the short circuit current density drops to almost zero. The nanowire diameter is too small to allow for the coupling of light (300-1100 nm) in the nanowire.
(a) (b) (c) Figure 2 . Power loss profile of an axial nanowire solar cell for incident wavelengths of 400 nm (a), 600 nm (b) and 800 nm (c). The edge-length (D) of the nanowire is 640 nm, while the period (P) of the unit cell is 900 nm.
The simulated power loss profiles for a solar cell with textured absorber are shown in Figure 2a -c for incident wavelengths of 400 nm, 600 nm and 800 nm, respectively. These power loss profiles are shown for a diameter of 640 nm and period of 900 nm. For short wavelengths, absorption of light is most prominent along the front surface and edges of the absorber layer. The edges of the silicon nanowires show strong absorption since the light propagates in the gaps between nanowires. The light that is absorbed by the edges lead to an increased quantum efficiency in the spectral range from 300 to 380 nm. The quantum efficiency in this spectral region is increased because the sidewalls are not covered with a p-or n-layer. For long wavelengths, the absorption and quantum efficiency of light in the solar cell is enhanced (Figure 3a) . The long wavelength light is diffracted by the silicon nanowire. It is important to note that the simulations are carried out in 3D and hence, the light is diffracted in all three dimensions. In the case of 2D simulations the nanowire array would be replaced by a line grating and the light would only by diffracted in 2D. The 3D diffraction grating (nanowire array) leads to a higher quantum efficiency and short circuit current density compared to 2D diffraction gratings (line grating). For nanowire diameters larger than 640 nm a drop of the quantum efficiency for long wavelengths is observed (Figure 3a) . Figure 4a shows the red, green, blue and total short circuit current densities for nanowires with a constant period of 900 nm and varying diameter. The dashed line exhibits the short circuit current density generated by a solar cell on a flat substrate. For the flat substrate (Figure 1a) , a total short circuit current density of 12.4 mA/cm 2 is calculated. For the silicon nanowire solar cell In this study, perfectly periodic and uniform unit cell structures are assumed. Introducing imperfections and non-uniformities can be expected when experimentally realizing the structure.
As an alternative such imperfections or non-uniformities can be introduced intentionally. For example, the influence of randomness has been intensively studied for solar cells with randomly textured contact layers. Some of these results can be transferred to solar cells consisting of randomly arranged nanowires. However, it is important to distinguish between nanowires with diameters significantly larger than the optical wavelength and nanowires with diameters smaller than the optical wavelengths. For randomly arranged nanowires with large diameters, the quantum efficiency can be approximated by the superposition of periodic structures with different period [5] . Small changes of the diameter of the nanowires have only a small effect on the quantum efficiency. For nanowires with small diameters the situation is different. In the latter case, the quantum efficiency is determined by the optical resonance of each individual nanowire. The density of the nanowires determines the absolute value of the quantum efficiency. Changes of the diameter lead to a broadening of the quantum efficiency and an increased absolute value of the quantum efficiency.
Solar Cells with Textured Contact Layers
The solar cell structure shown in Figure 1c is based on a periodic arrangement of square-based ZnO:Al nanopatterned pillars on a continious ZnO:Al film or a 2D grating structure. The surface texture is described by the following key parameters: cell period (P), grating diameter (D) and grating height (H). The p-i-n diode and the back contact are formed on the textured front contact. Consequently, all layers of the solar cell are textured. In this study, only the influence of the grating diameter on the quantum efficiency is investigated. Grating diameters ranging from 300 to 800 nm are considered, while the height of the grating is kept constant at 500 nm. Figure 5a -c show the power loss profiles for a diameter of 640 nm at wavelengths of 400 nm, 600 nm and 800 nm, respectively. An enhanced absorption of the solar cell is observed for all three wavelengths. by the superposition of periodic structures with different period [5] . Small changes of (a) (b) (c) Figure 5 . Power loss profile of a solar cell with textured contact layers for incident wavelengths of: 400 nm (a); 600 nm (b); and 800 nm (c). The edge-length (D) and the height (H) of the grating is 640 nm and 500 nm, while the period of the unit cell is 900 nm.
the diameter of the nanowires have only a small effect on the quantum efficiency. For nanowires with small diameters the situation is different. In the latter case, the quantum efficiency is determined by the optical resonance of each individual nanowire. The density of the nanowires determines the absolute value of the quantum efficiency. Changes of the diameter lead to a broadening of the quantum efficiency and an increased absolute value of the quantum efficiency.
The solar cell structure shown in Figure 1c is based on a periodic arrangement of square-based ZnO:Al nanopatterned pillars on a continious ZnO:Al film or a 2D grating structure. The surface texture is described by the following key parameters: cell period (P), grating diameter (D) and grating The quantum efficiency for grating diameters of 450 nm, 640 nm and 780 nm is shown in Figure 6 . The highest short circuit current density of 18.5 mA/cm 2 is observed for a diameter of 640 nm, corresponding to a 50% area filling factor. An enhancement of the quantum efficiency is negligible for short wavelengths, while a distinct improvement on the quantum efficiency is observed for long wavelengths (>500 nm) compared to solar cell on a flat substrate. Furthermore, a gain of the short circuit current densities is observed for grating diameters ranging from 300 to 800 nm, with the highest short circuit current density at a diameter of 640 nm. For large and small diameters, the short circuit current densities converges towards that of solar cell on a flat substrate (Figure 1a) as shown in Figure 7b. 
The solar cell structure shown in Figure 1c is based on a periodic arrangement of square-based ZnO:Al nanopatterned pillars on a continious ZnO:Al film or a 2D grating structure. The surface texture is described by the following key parameters: cell period (P), grating diameter (D) and grating height (H). The p-i-n diode and the back contact are formed on the textured front contact. Consequently, all layers of the solar cell are textured. In this study, only the influence of the grating diameter on the quantum efficiency is investigated. Grating diameters ranging from 300 to 800 nm are considered, while the height of the grating is kept constant at 500 nm. Figure 5a -c show the power loss profiles for a diameter of 640 nm at wavelengths of 400 nm, 600 nm and 800 nm, respectively. An enhanced absorption of the solar cell is observed for all three wavelengths. Furthermore, texturing the absorber of the solar cell allows for the realization of a solar cell with a flat metal back reflector. In the current study, the influence of the back reflector on the quantum efficiency and short circuit current density is not considered. A perfect electrical conductor is used as a back reflector. Replacing the perfect electrical conductor by a commonly used silver reflector will have almost no influence on the quantum efficiency and short circuit current density. A very small drop of both parameters will be observed. However, the situation is different for the solar cell with textured contact layers [27] [28] [29] [30] [31] [32] [33] [34] [35] . The formation of surface plasmon polaritons and localized plasmon polaritons can lead to a distinct drop of the quantum efficiency for long wavelengths. Detailed experimental and simulation studies have shown that the loss can account for up to 30% of the total short circuit current density [27] . The optical losses increase with increasing roughness of the back contact and decreasing thickness of the solar cell [30] [31] [32] [33] . The optical losses are most sensitive to metal textures with dimensions ranging from 30 to 100 nm [33, 35] . The optical losses can be reduced, but not prevented by inserting a dielectric layer with a low refractive index between the metal back reflector and the silicon solar cell [3,4,6,27,35 ]. In the current study, and in most studies in the literature, a sputtered metal oxide 
Comparison of Contact and Absorber Textured Solar Cells
The quantum efficiency of optimized solar cells with textured contact layer and absorber, and a solar cell on a flat substrate are shown in Figure 7 . Both textured solar cells exhibit an enhanced quantum efficiency (Figure 7a) , and a gain in the short circuit current density compared to a solar cell on a flat substrate (Figure 7b ). At short wavelengths (300-380 nm), the solar cells with textured absorber exhibit a higher quantum efficiency compared to solar cells with textured contacts and flat substrate. As a result, a gain in the blue short circuit current density for the nanowires based solar cells is observed. However, for long wavelengths the solar cells with textured contact exhibit a higher quantum efficiency compared to solar cells with textured (Figure 7a ) absorber. Hence, the total circuit current densities of the solar cells with textured contact layers exceed the short circuit current density of the solar cell with flat substrate and textured absorber (Figure 7b ).
However, due to the increased short circuit to saturation current density ratio, the open circuit voltage of the solar cell using textured absorber might be increased compared to the solar cell with textured contact layers [25, 26] . The open circuit voltage of the solar cell on the flat substrate is given by
where η is the ideality factor, k is the Boltzmann constant, T is the absolute temperature, and q is the elementary charge. I SC and I S are the short circuit and saturation current densities, respectively. If we assume equal ideality factors for the solar cell with patterned absorbers and flat substrate, the open circuit voltage of the patterned absorber solar cell can be calculated accordingly. The saturation current density of the nanowire solar cell can be described by I S NW = I S flat × (D/P) 2 leading to a significant drop of the saturation current density as function of the nanowire diameter. The relationship between the short circuit current density of the nanowire solar cell and the flat solar cell can be approximated by
, where D cut is the diameter of the nanowire at which no sun light is able couple in the nanowire anymore. D cut is calculated to be 30 nm (Figure 4a ). This relationship represents an empirical approximation of the short circuit current density, which is valid for D cut < D < P/2. Hence, the following expression for the open circuit voltage of the solar cell with the textured absorber can be calculated:
For a nanowire diameter of 50 nm the gain of the open circuit voltage is larger than 100 mV. For a nanowire diameter of 400 nm the short circuit current density of the textured absorber is equal to the short circuit current density of the flat solar cell and the gain of the open circuit voltage is approximately equal to 60 mV. By using arrays of nanowires with different diameters broadband absorption can be reached, so that the quantum efficiency and short circuit current density are increased [25] . Hence, larger gains of the open circuit voltage can be achieved. However, the optimization of such nanowire arrays is complex. Optical simulations are imperative in optimizing such device structures.
Furthermore, texturing the absorber of the solar cell allows for the realization of a solar cell with a flat metal back reflector. In the current study, the influence of the back reflector on the quantum efficiency and short circuit current density is not considered. A perfect electrical conductor is used as a back reflector. Replacing the perfect electrical conductor by a commonly used silver reflector will have almost no influence on the quantum efficiency and short circuit current density. A very small drop of both parameters will be observed. However, the situation is different for the solar cell with textured contact layers [27] [28] [29] [30] [31] [32] [33] [34] [35] . The formation of surface plasmon polaritons and localized plasmon polaritons can lead to a distinct drop of the quantum efficiency for long wavelengths. Detailed experimental and simulation studies have shown that the loss can account for up to 30% of the total short circuit current density [27] . The optical losses increase with increasing roughness of the back contact and decreasing thickness of the solar cell [30] [31] [32] [33] . The optical losses are most sensitive to metal textures with dimensions ranging from 30 to 100 nm [33, 35] . The optical losses can be reduced, but not prevented by inserting a dielectric layer with a low refractive index between the metal back reflector and the silicon solar cell [3, 4, 6, 27, 35] . In the current study, and in most studies in the literature, a sputtered metal oxide film, e.g., zinc oxide, is inserted between the metal back reflector and the silicon solar cell. The zinc oxide layer lowers the refractive index from approximately 4 for microcrystalline silicon to 2 for sputtered zinc oxide. Decreasing the refractive index leads to a shift of the plasmon Appl. Sci. 2017, 7, 427 9 of 11 resonance wavelength to shorter wavelengths. However, such short wavelengths do not reach the textured back reflector, so that a drop of the optical losses is observed for long wavelengths.
Outlook
In order to realize solar cells with high energy conversion efficiency, the charge carrier diffusion lengths should be larger than the penetration depth. However, several materials like microcrystalline silicon, amorphous silicon, organic and polymeric materials exhibit low charge carrier diffusion lengths [14, 15] . In order to increase the energy conversion efficiency of solar cells made of such materials, the electrical and optical properties of the solar cell have to be decoupled. Several approaches have been suggested to decouple the electrical and optical properties including radial nanowire or 3D solar cells [10] [11] [12] [13] [14] [15] . In the case of a radial solar cell, the solar cell acts like an optically thick and electrically thin solar cell. The solar cell can be fabricated by using a nanowire array as a template. The actual layers of the solar cell are subsequently deposited on such nanowire array [10] [11] [12] 14, 15] . However, such solar cell should be called 3D solar cell instead of nanowire solar cell. Such 3D textured solar cells can be described as surface textured solar cells using surface textures with nanowire/pillar heights larger than the thickness of the actual solar cell.
In this manuscript, the optics of solar cells with silicon nanowires with diameters larger than 30 nm is studied. Decreasing the diameter of the nanowire down to 1-2 nm leads to the formation of quantum wires [2] . Quantum wells, quantum wires or quantum dots allow for the control of the band gap by tuning the size of the quantum structure [35, 36] . In the case of silicon, the bulk band gap of 1.14 eV can be increased to 1.7 eV or larger. Thus far, encouraging results have been demonstrated for silicon quantum dot solar cell [37] . Band gap engineering of the materials by just controlling the size of the quantum structure would allow for the realization of solar cells with increased energy conversion efficiency. All silicon tandem solar cells using a silicon quantum wire in combination with a conventional silicon bottom solar cell are proposed in the literature [38] . According to the detailed balance limit the energy conversion efficiency of tandem solar cells can exceed 40% [39] . However, further investigations are required to realize such solar cells with energy conversion efficiencies comparable to conventional multi-junction solar cells. Besides the generation of electrical energy at high energy conversion efficiencies the high open circuit voltage of multi-junction solar cells allows for the direct generation of hydrogen via water splitting [40, 41] .
Summary
The optical properties of contact and absorber textured solar cells are investigated using three-dimensional FDTD simulations. The influence of the period and diameter on the short circuit current density and quantum efficiency is investigated. The solar cells with textured contacts and textured absorbers exhibit large gains of the short circuit current density compared to solar cells on flat substrates. The direct comparison of the contact and absorber textured solar cells exhibit similar results in terms of the achievable short circuit current density.
